Large-conductance Ca 2؉ -voltage-activated K ؉ channels (BK channels) control many key physiological processes, such as neurotransmitter release and muscle contraction. A signature feature of BK channels is that they have the largest single channel conductance of all K ؉ channels. Here we examine the mechanism of this large conductance. Comparison of the sequence of BK channels to lower-conductance K ؉ channels and to a crystallized bacterial K ؉ channel (MthK) revealed that BK channels have a ring of eight negatively charged glutamate residues at the entrance to the intracellular vestibule. This ring of charge, which is absent in lower-conductance K ؉ channels, is shown to double the conductance of BK channels for outward currents by increasing the concentration of K ؉ in the vestibule through an electrostatic mechanism. Removing the ring of charge converts BK channels to inwardly rectifying channels. Thus, a simple electrostatic mechanism contributes to the large conductance of BK channels. L arge-conductance Ca 2ϩ -voltage-activated K ϩ (BK) channels are activated in a highly synergistic manner by intracellular Ca 2ϩ (Ca i 2ϩ ) and membrane depolarization (1) (2) (3) (4) (5) (6) (7) (8) (9) . When open, the efflux of K ϩ out of the cell hyperpolarizes the membrane potential, turning off voltage-dependent Ca 2ϩ channels and reducing the influx of Ca 2ϩ available to both activate BK channels and control cellular processes. This negative feedback mechanism allows BK channels to play a key role in regulating many physiological processes, such as neurotransmitter release (10, 11), repetitive firing of neurons (12), spike broadening during repetitive firing (13), the electrical tuning of hair cells in the cochlea (14, 15) , and muscle contraction (16).
Large-conductance Ca 2؉ -voltage-activated K ؉ channels (BK channels) control many key physiological processes, such as neurotransmitter release and muscle contraction. A signature feature of BK channels is that they have the largest single channel conductance of all K ؉ channels. Here we examine the mechanism of this large conductance. Comparison of the sequence of BK channels to lower-conductance K ؉ channels and to a crystallized bacterial K ؉ channel (MthK) revealed that BK channels have a ring of eight negatively charged glutamate residues at the entrance to the intracellular vestibule. This ring of charge, which is absent in lower-conductance K ؉ channels, is shown to double the conductance of BK channels for outward currents by increasing the concentration of K ؉ in the vestibule through an electrostatic mechanism. Removing the ring of charge converts BK channels to inwardly rectifying channels. Thus, a simple electrostatic mechanism contributes to the large conductance of BK channels. L arge-conductance Ca 2ϩ -voltage-activated K ϩ (BK) channels are activated in a highly synergistic manner by intracellular Ca 2ϩ (Ca i 2ϩ ) and membrane depolarization (1) (2) (3) (4) (5) (6) (7) (8) (9) . When open, the efflux of K ϩ out of the cell hyperpolarizes the membrane potential, turning off voltage-dependent Ca 2ϩ channels and reducing the influx of Ca 2ϩ available to both activate BK channels and control cellular processes. This negative feedback mechanism allows BK channels to play a key role in regulating many physiological processes, such as neurotransmitter release (10, 11) , repetitive firing of neurons (12) , spike broadening during repetitive firing (13) , the electrical tuning of hair cells in the cochlea (14, 15) , and muscle contraction (16) .
BK channels (for big K ϩ ) have the largest single-channel conductance of all K ϩ selective channels, being 250-300 pS in symmetrical 150 mM KCl (8, (17) (18) (19) (20) . Like most K ϩ channels of lower conductance, BK channels have a tetrameric structure, with four ␣ subunits forming functional channels. BK channels also have the same selectivity filter sequence (GYG) found in most other K ϩ channels of lower conductance (21) . Thus, the question arises as to why the conductance of BK channels is so big.
Previous experimental and theoretical work has suggested that charged residues located in the vestibules and pores of ion channels can play a major role in controlling the unitary conductance through an electrostatic mechanism (22) (23) (24) (25) (26) (27) (28) (29) (30) . Such rings of fixed charge could increase the concentration of the permeating ions in the vestibules of the channels, leading to increased availability of ions to transit the selectivity filter, which would increase the unitary (single-channel) conductance.
In this study we show by comparison of the sequence of BK channels to lower-conductance K ϩ channels and to a bacterial K ϩ channel (MthK) crystallized in the open state (31) that BK channels have a ring of eight negatively charged glutamate residues at the entrance to the intracellular vestibule that are missing in lower-conductance K ϩ channels. We find that the single-channel conductance decreases progressively as the net charge in the ring of charge is changed from Ϫ8 to ϩ8. This effect of charge on conductance is abolished at high intracellular K ϩ (K i ϩ ), indicating that the ring of charge increases conductance by concentrating K ϩ in the vestibule through an electrostatic mechanism. The concentration of K ϩ in the vestibule by the ring of charge is found to be equivalent to that achieved by increasing the K ϩ in the bulk intracellular solution from 150 to 500 mM. This simple electrostatic mechanism was found to double the conductance of BK channels for outward currents, which is the direction of K ϩ current for physiological conditions.
We observe that outward and inward single-channel current amplitudes through BK channels are symmetrical in symmetrical 150 mM KCl solution over the examined range of voltage, from Ϫ250 mV to ϩ250 mV. The ring of charge is found to have little effect on inward currents, while doubling the outward singlechannel currents. Thus, without the ring of charge, BK channels become inwardly rectifying channels.
Materials and Methods
Expression and Mutagenesis. The construct encoding the WT BK channel used in these experiments (mSlo1 in pcDNA3) was kindly provided by Merck. This construct was initially cloned by Pallanck and Ganetzky (32) (GenInfo Identifier no. 487796) and then modified by Merck (33) to remove all 5Ј noncoding sequence up to the second potential initiation site (1-940 was removed). The cRNA was transcribed by using the mMessage mMachine kit (Ambion, Austin, TX) and injected in Xenopus laevis oocytes at Ϸ0.5-2 ng per oocyte, 2-8 days before recording (34) . Mutagenesis was carried out by using the Quick-Change XL site-directed mutagenesis kit (Stratagene) and checked by sequencing.
Single-Channel Recordings and Analysis. Single-channel currents were recorded from BK channels expressed in oocytes by using the inside-out configuration of the patch-clamp technique (35) . Data were acquired with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA), sampled every 3 s by using a Digidata 1200A (Axon Instruments) and PCLAMP7, and further analyzed with custom software. The voltage͞current relationship of the Axopatch 200A was found to be linear over the examined range of Ϫ400 mV to ϩ400 mV, as determined with a model cell. The effective filtering ranged from 5 to 15 kHz and had no effect on the measured conductance over this range because the open and closed current levels were well defined. Patches with one to three BK channels were used for analysis. BK channels were identified from their characteristic voltage and Ca 2ϩ sensitivity (1) . Single-channel current amplitudes were measured in an unbiased manner by using all-point histograms of the current records, with the single-channel current amplitudes indicated by the distance between the peaks of the histograms. For patches with multiple channels, the single-channel current amplitude for (36) . GdCl 3 (60 M) was typically added to pipette solutions to block endogenous mechanosensitive channels (37) . The intracellular K ϩ was varied as indicated by changing the concentration of KCl. Solutions were changed with a micro chamber as described (1) . For the mutation E321D, Ca 2ϩ was added to bring free Ca i 2ϩ to 0.1 mM for the lower voltages from ϩ30 to ϩ80 mV to facilitate activation of the channel. This level of Ca 2ϩ at these voltages has little effect on conductance (38) . In experiments using large negative membrane potentials to obtain inward currents, free Ca i 2ϩ was 0.1-1 mM Ca i 2ϩ to activate the channel. Free Ca i 2ϩ Յ1 mM has little effect on inward current amplitudes (38) . As expected from the laws of thermodynamics (17) , changing the net charge in the ring of charge did not change the reversal potential.
Results

BK Channels Have a Ring of Eight Negative Charges.
If the large conductance of BK channels arises from charged residues, then BK channels should have negatively charged residues associated with the conduction pathway that would be absent in K ϩ channels of lower conductance. Because BK channels are tetramers formed from four ␣ subunits (39), any charged residues in the primary sequence would be present in all four subunits, forming a ring of charge around the pore of the channel.
To look for such a ring of charge, we compared the sequence of BK channels to the sequence of other K ϩ channels (Fig. 1a) , with the alignment made to the selectivity filter signature sequence (GYG or GFG). BK channels from nine different species were examined (mouse, human, frog, fly, dog, cow, chicken, cockroach, and Caenorhabditis elegans), and all had conserved negative residues at positions equivalent to 321 and 324 in the mouse BK channel (mSlo1). Alignments from mouse, human (hSlo1), frog (xSlo), and fly (dSlo1) BK channels are presented in Fig. 1a . Two BK-like channels with somewhat smaller conductance than BK channels (100-200 pS) had either two conserved negative charges (mSlo3) (40, 41) or one conserved negative charge (cSlo2) (42) . MthK, a bacterial Ca 2ϩ -regulated K ϩ channel (31) with conductance of Ϸ100 pS at ϩ25 mV has two negative charges and one positive charge in the region equivalent to 321 and 324 of BK channels. The other listed K ϩ channels (KcsA, Shaker, Kv1.1, and HERG) do not have charged residues in this region, and all have considerably smaller unitary conductance (Ͻ50 pS). The alignments in Fig. 1a suggest The residues R93 and E96 in MthK that correspond to E321 and E324 in BK channels are presented as space-filling surfaces. A side view with only two subunits is presented (b), and a view down the pore of the channel from the intracellular side with all four subunits is presented (c).
that the conserved glutamate residues E321 and E324 may be a contributing factor in the large unitary conductance of BK channels.
Eight Negatively Charged Residues Ring the Intracellular Vestibule.
To obtain an estimate of where these negatively charged glutamate residues might be located in relationship to the conduction pathway of BK channels, we assumed that the general structures of the inner vestibule of BK and MthK channels are similar. Using the atomic coordinates for MthK (31), we generated the ribbon structure of MthK for two opposite subunits, as viewed from the side with the intracellular surface down (Fig. 1b) , and for all four subunits, as viewed from the intracellular side of the membrane looking into the vestibule (Fig. 1c) . From the alignment in Fig. 1a it can be seen that E321 and E324 in BK would correspond to R93 and E96 in MthK, respectively. Thus, assuming BK channels have a structure similar to MthK, the relative positions of E321 and E324 in BK channels would be given by the blue (R93) and red (E96) residues, respectively, in MthK ( Fig. 1  b and c) . On this basis, the conserved negative residues E321 and E324 in BK channels would be located at the entrance to the intracellular vestibule, with E321 about one turn of the ␣-helix deeper in the vestibule than E324. Although the exact location of E321 and E324 in BK channels may differ from that shown in Fig. 1 b and c for MthK, such a comparison does suggest that these charged residues are near the entrance to the intracellular vestibule in BK channels. By providing two negative residues for each of the four subunits in BK channels, E321 and E324 would then form a ring of eight negative charges at the entrance to the intracellular vestibule of BK channels.
Single-Channel Conductance Depends on the Net Charge in the Ring
of Charge. If the ring of negative charge increases the singlechannel conductance of BK channels by increasing the concentration of K ϩ in the vestibule, then decreasing the negative charge in the ring of charge should decrease the conductance. To explore this possibility, we measured single-channel currents over a range of voltage with different amounts of charge in the ring of charge. As the net charge in the ring of charge was changed from Ϫ8 in WT BK channels to Ϫ4 with either of the mutations E321N or E324N, to 0 with E321N͞E324N, and to ϩ8 with E321K͞E324K, the single-channel current amplitudes progressively decreased (Fig. 2a, 150 mM K i ϩ ). This pronounced effect of charge on single-channel conductance was observed for outward currents over a wide range of voltage (Fig. 2b) . The two different mutations (E321N or E324N) used to remove four negative charges reduced the single-channel currents an equal amount, suggesting that these sites are equivalent in their effects on the current.
In addition to the effects of the net charge in the ring of charge on single-channel conductance, changes in the net charge typically changed the gating and open probability, depending on the mutations. These changes in gating have not been examined for this article, which is concerned with single-channel conductance.
The Ring of Eight Negative Charges Concentrates K ؉ in the Intracellular Vestibule Through an Electrostatic Mechanism. The results in Fig. 2 a and b show that the ring of negative charge greatly increased the outward single-channel currents through BK channels when the K i ϩ was 150 mM. If this increase arises because the ring of charge increases the concentration of K ϩ in the vestibule through an electrostatic mechanism, then the effect of the ring of charge on increasing current should be greatest at low K i ϩ , becoming insignificant at very high K i ϩ (28, 30, 43, 44) . To test this possibility we obtained single-channel currents with 500 mM and 3.4 M K i ϩ for comparison to those obtained with 150 mM K i ϩ . Increasing K i ϩ increased the magnitude of the single-channel currents while decreasing the effect of the ring of charge (Fig. 2a) . This decreased effect of charge at high K i ϩ was observed over a range of voltages (Fig.  2 b-d) . The effect of net charge on the single-channel conductance over a range of K i ϩ is summarized in Fig. 2e . Consistent with an electrostatic mechanism, the ring of charge had its greatest effect at low K i ϩ (150 mM KCl i ), less of an effect at intermediate K i ϩ (500 mM KCl i ), and negligible effect at very high K i ϩ (3.4 M KCl i ). At low K i ϩ , the extra K ϩ ions attracted to the vestibule by the ring of charge would lead to significant increases in the concentration of K ϩ in the vestibule when compared with the concentration of K ϩ in the intracellular solution, whereas at very high K i ϩ , the extra K ϩ attracted by the ring of charge would be insignificant compared with the high K ϩ already present.
The Ring of Charge Has Little Effect on the Inward Currents. Although our results are consistent with an electrostatic mechanism, it is possible that changing the net charge in the ring of charge might act by physically altering the structure of the conduction pathway to change the resistance to the passage of K ϩ ions, rather than by concentrating K ϩ in the intracellular vestibule. If changes in the net charge act indirectly to partially close the vestibule or perhaps induce changes in the structure of the selectivity filter, then changing the net charge in the ring of charge might be expected to alter both inward currents and outward currents. Supporting an electrostatic rather than structural mechanism, the net charge in the ring of charge had little effect on inward currents (Fig. 3 a and b) .
Further Support for an Electrostatic Mechanism. Also consistent with an electrostatic rather than a structural mechanism, the reduction in single-channel current amplitudes was the same for the E321N and E324N mutations, both of which gave a net charge of Ϫ4, for mutations at different sites (Fig. 2) . As an additional test of the electrostatic mechanism, we maintained the net charge at Ϫ8 with the mutation E321D and found no effect on the single-channel current amplitudes (Fig. 3c ) over a range of voltage [Fig. 2b , compare WT (•) to E321D (E)]. The observations in this section suggest, then, that the single-channel current amplitude depends on the net charge rather than the specific residue or minor differences in location.
Estimating the Increase in the Effective K ؉ in the Intracellular Vestibule Induced by the Ring of Charge. The experiments described above suggest that the ring of eight negative charges located at the entrance to the intracellular vestibule of BK channels increases single-channel conductance by concentrating K ϩ in the vestibule. We estimated the effective increase in concentration by determining what concentration of K ϩ in the intracellular solution in the absence of the ring of charge would be required to give the same single-channel current amplitude as in the presence of the ring of charge. With 150 mM K i ϩ at ϩ100 mV, the single channel currents were 30 pA for WT channels (Fig. 4a  Left) . Removing the ring of charge with the mutation E321N͞ E324N then reduced the single-channel current amplitudes to 15 pA (Fig. 4a Center) . Increasing K i ϩ to 500 mM then restored the currents to 30 pA (Fig. 4a Right) . Similar measurements over a range of voltage indicated that increasing K i ϩ from 150 to 500 mM restored the single-channel current amplitude in channels with no net charge in the ring of charge to the same level as currents in WT channels with eight negative charges in the ring of charge (Fig. 4b) . Thus, with 150 mM K i ϩ , eight negative charges at the entrance to the vestibule increase the effective concentration of K ϩ in the vestibule the same amount that increasing K i ϩ from 150 to 500 mM would in the absence of charge.
Converting BK Channels to Inwardly Rectifying Channels. Consistent with little effect of the ring of charge on inward single-channel currents (Fig. 3 a and b) and a marked reduction of outward single-channel currents in the absence of the ring of charge (Fig.  2) , removing the ring of charge converted BK channels into inwardly rectifying channels (Fig. 5) .
Discussion
BK channels have the largest single-channel conductance among all K ϩ channels. Despite their unusually large conductance, BK channels are highly selective for K ϩ over Na ϩ (20, 45, 46) , and most likely have pore architecture similar to that of lower- conductance K ϩ channels, including a wide inner vestibule and a narrow selectivity filter (31, 47, 48) . In this study we show that BK channels double their outward single-channel conductance by using a ring of eight negatively charged residues located at the entrance to the intracellular vestibule. We further show that this doubling in currents results from an electrostatic mechanism, with the ring of negative charge effectively concentrating K ϩ in the vestibule to provide a ready source of K ϩ to carry outward current. Doubling the conductance would decrease the number of BK channels required in the cell, and hence reduce the metabolic costs associated with the production of such channels.
With 150 mM K i ϩ , a volume equivalent to that of an intracellular vestibule with a diameter and depth of 20 Å would contain, on average, only 0.56 molecules of K ϩ . For a single-channel current of 32 pA, one K ϩ ion would transit the channel to the extracellular side every 5 ns, indicating the minimal rate at which K ϩ would have to enter the intracellular vestibule. The ring of negative charge would increase the probability of K ϩ being in the vestibule, and hence, increase the probability that K ϩ would be available to enter the narrow selectivity filter (see Fig. 1b) for transit through the channel.
WT BK channels have linear i͞V curves with 150 mM symmetrical KCl for limited ranges of voltage (45) . This symmetry in currents occurs even though the expected structure of BK channels would be asymmetrical, with a deep intracellular vestibule and a shallow extracellular vestibule. We found that removing the ring of charge converted BK channels into inwardly rectifying channels (Fig. 5) . Thus, the eight negative charges in the ring of charge preserve the symmetry of inward and outward currents with symmetrical 150 mM KCl, by doubling the mag- Fig. 3 .
The ring of eight negative charges has little effect on inward single-channel current amplitudes, and the mutation E321D has no effect on outward single-channel current amplitude. The plotted data points with 500 mM K i ϩ were shifted to the right by 27 mV, the absolute magnitude of the calculated shift in reversal potential, to compensate for the greater driving force on K i ϩ with 500 mM K i ϩ .
Fig. 5.
Removing the ring of eight negative charges converts BK channels to inwardly rectifying channels. Plots of single-channel current amplitudes versus membrane voltage for WT channels and a mutant channel with no charge in the ring of charge. The net charge on the ring of charge for the WT and the mutant channel is indicated by each curve. Symmetrical 150 mM K ϩ was used.
nitude of the outward currents while having little effect on the inward currents. It is the outward current that is important for the physiological function of the channel, because under physiological conditions currents through BK channels are outward. Unlike the outward currents, the inward currents through BK channels are little affected by the charge in the ring of charge, and even after removing the ring of charge, both the outward and the inward conductances of BK channels are still much larger than for most other K ϩ channels. Thus, while the ring of charge is a major contributor to the large conductance of BK channels for outward currents, other factors in addition to the ring of charge must also contribute toward the large outward and inward currents. Because of the multiple factors the larger conductance of BK channels most likely evolved in multiple steps. Whether the evolutionary forces were to specifically increase conductance or alter gating is not clear, as our observations peripheral to this study indicated that changes in the charge in the ring of charge also alter the gating kinetics.
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